Antiplatelet agents are an important part of regimens for patients at risk for adverse cardiovascular events, decreasing the probability of such events by minimizing thrombus formation following rupture of atherosclerotic plaque.^[@ref1]^ However, contemporary antiplatelet drugs are only partially effective as evidenced by the substantial recurrence rate of arterial thrombosis despite current therapy.^[@ref2]^ Furthermore, the beneficial effect of antiplatelet agents is tempered by an increased risk of dangerous hemorrhagic complications.^[@ref3]^ Many developmental programs focused on new drug targets on platelets have been initiated over the past decade. Prominent among these programs have been those identifying and testing compounds that block protease-activated receptor 1 (PAR1)-mediated platelet activation.

Several inhibitors of PAR1 have been developed. The most advanced in clinical trials is vorapaxar (SCH530348), which was developed from a lead identified by a radioligand binding approach using a high affinity Thrombin Receptor Agonist Peptide.^[@ref4]^ Vorapaxar is a potent inhibitor of PAR1 but was associated with an increased risk of intracranial bleeding when used in combination with standard therapy in a phase III trial (TRA-CER).^[@ref5]^ Atopaxar (E5555) is a second PAR1 inhibitor in advanced clinical trials. Atopaxar therapy is associated with anti-PAR1 activity ex vivo; however, its use was associated with elevation of liver transaminases and QTc prolongation at higher doses in phase II trials.^[@ref6]−[@ref8]^ Other small molecule PAR1 inhibitors have been described^[@ref9]−[@ref13]^ but have not been tested in clinical trials. Safety and efficacy issues with current antiplatelet therapies, including investigational PAR1 antagonists, highlight the need for antiplatelet agents that may act via alternative mechanisms.

We recently reported^[@ref14]^ a high-throughput screen of the National Institute of Health Molecular Libraries Small Molecule Repository (NIH-MLSMR) small-molecule library (∼300000 compounds), undertaken to identify inhibitors of granule secretion and/or platelet activation.^[@ref15],[@ref16]^ The primary screen measured adenosine triphosphate (ATP) secreted from dense granules following SFLLRN-induced activation through PAR1^[@ref9]−[@ref13]^ using a luciferin/luciferase detection system. Several chemically tractable scaffolds were identified that inhibited dense granule secretion. Target identification studies with hits from this screen showed that compounds with a 1,3-diaminobenzene core act at PAR1. This paper describes structure--activity relationship (SAR) studies of this class of PAR1 inhibitors as well as preliminary studies supporting an allosteric mode of action.

Several compounds were identified by high-throughput screening (HTS) with a 1,3-diamidobenzene core. Of these, compound **4** was selected as a starting point for SAR studies, as it showed acceptable potency in the primary assay measuring inhibition of dense granule release (IC~50~ = 1--10 μM).^[@ref17]^ Importantly, it was inactive in a luciferase counterscreen, and it showed little or no inhibition of platelet activation stimulated through other receptors (Figure S1 in the [Supporting Information](#notes-1){ref-type="notes"}). Inhibition of PAR1 platelet activation by compound **4** was readily reversible. In addition, the compound did not inhibit phosphodiesterase 3A (PDE3A), which is present within platelets and promotes activation by suppressing cAMP levels.^[@ref18]^ Compound **4** also showed acceptable solubility in PBS (40 μM) and good inhibition in a standard assay with human platelets measuring SFLLRN-induced surface expression of P-selectin (Table [1](#tbl1){ref-type="other"}),^[@ref19]^ a transmembrane cell adhesion molecule that is sequestered in platelet α-granules and expressed on the platelet surface following activation.^[@ref20]^

###### SAR at the East End of the 1,3-Diamidobenzene Scaffold
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\% Inhibition of platelet P-selectin expression on human platelets induced by 5 μM SFLLRN. See the [Supporting Information](#notes-1){ref-type="notes"} for details. The IC~50~ value was only determined for compounds inhibiting expression by at least 90% at 10 μM. The value is an average of three measurements.

Measured at 3 μM.

SARs of the 1,3-diamidobenzene scaffold are described in Tables [1](#tbl1){ref-type="other"}--[4](#tbl4){ref-type="other"}. Compounds were prepared according to representative Schemes [1](#sch1){ref-type="scheme"} or [2](#sch2){ref-type="scheme"} (see the [Supporting Information](#notes-1){ref-type="notes"} for details).

![Synthesis of **4** (ML161)](ml-2011-002696_0004){#sch1}

![Synthesis of **68**](ml-2011-002696_0005){#sch2}

Keeping the west side of compound **4** fixed, the aryl substituent R^1^ was investigated comprehensively (Table [1](#tbl1){ref-type="other"}), and analogues were tested in the P-selectin assay. Maximal activities were observed with *ortho* substituents (compounds **2**--**12**); substituents at the *meta* and *para* positions had neutral or negative effects on potency (compounds **13**--**26**). The best results were observed with electron-withdrawing or neutral lipophilic *ortho* groups, with the bromide substituent of compound **4** proving optimal, giving an IC~50~ of 0.26 μM. Methyl (**8**) and ethyl (**9**) also showed good potencies, although a larger *ortho* substituent (phenyl, **10**) was not tolerated. A select number of heterocycles (furan, 3-pyridyl, and 3-quinolinyl, **27**--**29**) were poorly active or inactive. In an attempt to improve the potency, disubstituted analogues **30**--**36** were prepared, but all showed lower potencies than **4**.

Concurrent with our explorations at the east end of the scaffold, the alkyl chain at the west end was investigated (Table [2](#tbl2){ref-type="other"}). Optimal potency was observed with a 3-carbon chain (**4**). Some potency was retained with the 2-carbon chain (**38**), but a 4-carbon chain (**39**) failed to demonstrate inhibition. Replacement of the alkyl chain with a phenyl ring (**40**) decreased activity at the target. We expected that branched alkyl chains could provide compounds with improved plasma stability (PS) over **4**, which showed moderate stability in human plasma (80% remaining after 5 h) but poor stability in mouse plasma (\<2%). Mouse plasma stable compounds are required for study in a number of our in vivo disease models, so we attempted to address this liability of **4**. We hypothesized that branched alkyl chains could give compounds more resistant to proteases and esterases, and in fact, **42** and **43** showed some improvement. Compound **42** had only moderate potency but acceptable mouse PS (83% after 5 h). Cyclopentane **43** had acceptable potency (IC~50~ = 0.52 μM) but poor mouse PS (26%). The lack of activity observed with 1,4-diamide **44** indicates that the 1,3-substitution pattern about the central ring is important.

###### SAR at the West End of the 1,3-Diamidobenzene Scaffold[a](#t2fn1){ref-type="table-fn"}
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See the Table [1](#tbl1){ref-type="other"} footnotes.

In a search for more potent, plasma-stable compounds, we continued our investigations by varying the central 1,3-diamidobenzene ring (Table [3](#tbl3){ref-type="other"}). Several heterocyclic compounds were prepared, but neither pyridyl, benzimidizole, nor oxazole analogues (**45**--**50**) showed any significant activity in our assay. Substituents at the 2- and 6-positions of the central ring were not tolerated (**51** and **52**), although alternative groups could be worth investigating. Two compounds with reverse amides were screened (**53** and **54**), and the compound with the reverse amide at the western position (**54**) maintained much of the activity of the parent compound (**3**).

###### SAR at the Central Ring[a](#t3fn1){ref-type="table-fn"}
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See the Table [1](#tbl1){ref-type="other"} footnotes.

To explore SARs further and to search for compounds with improved potencies and physicochemical and biological properties (especially PS), additional compounds were prepared and screened. These results are listed in Table [4](#tbl4){ref-type="other"}, which includes plasma protein binding (PPB) and PS. Replacement of the western propylamide of **4** with a carbamate (**55**) or sulfonamides (**56** and **57**) gave compounds with decreased potencies. *N*-Methyl amides **58**--**60** were inactive, which suggests that both amides act as hydrogen bond donors with the target. The constrained analogues **61**--**64** were similarly inactive. Removal of the eastern carbonyl group of **4** was tolerated somewhat (**65**), but interestingly, much of the activity was retained with removal of the western carbonyl group in aniline **66**.

###### Analogues Designed To Improve PS[a](#t4fn1){ref-type="table-fn"}
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See the Table [1](#tbl1){ref-type="other"} footnotes.

PPB (% bound).

PS (% remaining after 5 h). ND, not determined.

In a final attempt to address the mouse PS liability of **4**, we made additional branched alkyl analogues, building upon the moderate results of **42** and **43**. The more highly branched α,α-dimethylamide **67** was very plasma stable but poorly active, but moving the branching point further from the amide carbonyl (**68**) gave a compound nearly equipotent to **4** (IC~50~ = 0.29 μM) with good human PS (90% after 5 h) and mouse PS sufficient for in vivo work (65% after 5 h), as well as adequate solubility for a probe compound (20 μM in PBS). The preparation of **4** is described in Scheme [1](#sch1){ref-type="scheme"},^[@ref21]^ and the synthesis of the mouse plasma-stable analogue **68** is depicted in Scheme [2](#sch2){ref-type="scheme"}. Prior to these more recent studies, compound **4** was formally nominated as a molecular probe (ML161) for the study of platelet activation.^[@ref14]^

The selectivity at PAR1 is supported by studies involving various platelet activators in the presence of ML161. Washed human platelets were separately treated with the peptide AYPGKF (a PAR4 agonist), PMA (a protein kinase C activator), U46619 (a thromboxane receptor agonist), or collagen (an agonist of collagen receptors). ML161 did not inhibit these activators to any significant degree (Figure S1 in the [Supporting Information](#notes-1){ref-type="notes"}). ML161 displayed dose-dependent inhibition of thrombin-induced platelet activation, as measured by P-selectin expression (Figure S2 in the [Supporting Information](#notes-1){ref-type="notes"}). Inhibition of PAR2, a widely distributed protease-activated receptor, was not evaluated since this receptor is not present on platelets. ML161 displayed selective inhibition of SFLLRN and thrombin-induced platelet aggregation, both of which operate via PAR1, and had no effect on AYPGKF, thromboxane, or ADP-induced platelet aggregation, which are all agonists at alternative platelet GPCRs (Figure S3 in the [Supporting Information](#notes-1){ref-type="notes"}).

Continued work on the 1,3-diaminobenzene scaffold was inspired by our discovery that its mode of action at PAR1 may differ from reported PAR1 orthosteric inhibitors.^[@ref22],[@ref23]^ Activation of platelets via PAR1 cleaved by thrombin^[@ref24]^ leads to multiple downstream effects and observable phenotypic changes, including granule release and shape change characterized by extended pseudopodia. Blockade of PAR1 by orthosteric antagonists, such as those currently under clinical investigation,^[@ref4],[@ref25]^ would be expected to inhibit all phenotypic changes. In contrast, **4** inhibits granule secretion, but not platelet shape change, as monitored in a SFLLRN-induced platelet aggregation assay.^[@ref26]^ We hypothesize that it may be acting in an allosteric manner to inhibit select G-protein-coupled pathways mediated by PAR1. Our preliminary studies suggest that it inhibits Gαq, which is required for granule release, but not Gα12/13 signaling, which affects shape change. Additional evidence for a nonorthosteric inhibition mechanism was obtained by evaluating dose--response curves of SFLLRN-induced P-selectin expression in the presence of varying concentrations of **4** (Figure [1](#fig1){ref-type="fig"}). Instead of a rightward shift of the dose--response curve, as expected of an orthosteric inhibitor, **4** demonstrated insurmountable antagonism at higher doses, consistent with a noncompetitive inhibitory mechanism. A quinolone derivative, termed JF5, was previously discovered in our laboratories as an inhibitor of platelet activation and has been recently characterized as a PAR1 inhibitor that requires helix 8 on the intracellular face of PAR1 for its inhibitory activity.^[@ref27]^ Additional investigations are underway to determine if compounds such as **4** share a similar binding site.

![Dose--response curves of SFLLRN-induced P-selectin expression in the presence of varying concentrations of the PAR1 inhibitor **4**.](ml-2011-002696_0003){#fig1}

In summary, the 1,3-diaminobenzene scaffold was identified as an inhibitor of platelet activation via a high-throughput screen performed with platelet-rich plasma. Medicinal chemistry studies delineated the requirements for optimal potency of this scaffold at PAR1. These include (1) a secondary benzamide at the eastern side of the molecule, with a small (ethyl or smaller) electron-neutral or electron-withdrawing *ortho* substituent; (2) a 1,3-substitution pattern about the central benzene ring; and (3) a secondary amine or amide on the western side of the molecule, with a linear or branched aliphatic chain fewer than four carbons long. Potency was maintained and PS improved with the addition of a methyl group β to the western amide (**68**). We have demonstrated that compounds such as **4** (ML161) may inhibit PAR1 in an allosteric fashion, which could enable the selective modulation of platelet activation pathways. Allosteric inhibition of PAR1 could provide saturable receptor binding and selective modulation of downstream G-protein signaling pathways. These pharmacological attributes may decrease the risk of life-threatening hemorrhage in the setting of anti-PAR1 therapy.^[@ref28]^ Analogues of the 1,3-diaminobenzene scaffold will be important probes for evaluating this hypothesis.

Additional assay results (Figures S1 to S3), assay protocols, and synthetic procedures and characterization data for **4**, **66**, and **68**. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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